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Influence of volume expansion on NaC1 reabsorption in the
diluting segments of the nephron: A study using clearance
methods
GABRIEL M. DANOVITCH and NEAL S. BRICKER
Division of Nephrology, Department of Medicine, Albert Einstein College of Medicine, Bronx, New York
Influence of volume expansion on NaCI reabsorption in the diluting
segments of the nephron: A study using clearance methods. Whether
volume expansion influences NaCI reabsorption by the diluting
segment of the nephron remains a matter of controversy. In the
present studies this question has been examined in normal un-
anesthetized dogs, undergoing maximal water diuresis. Free water
clearance (CH,o/GFR) has been used as the index of NaCl reab-
sorption in the diluting segment. Three expressions have been
employed for "distal delivery" of NaCI: a) V/GFR, designated as
the "volume term"; b) (C/GFR + CH,o/GFR), the "sodium
term;" and c) (C1/GFR + CH,O/GFR), the "chloride term". The
validity of these terms is discussed. Three techniques were used to
increase distal delivery: I) the administration of acetazolamide to
dogs in which extracellular fluid (ECF) volume was not expanded
(group 1); 2) "moderate" volume expansion (group 2); and 3)
"marked" volume expansion (group 3). CH,O/GFR increased pro-
gressively with rising values for "distal delivery" regardless of
which term was used to calculate the latter. With all three delivery
terms, differences in distal NaCI reabsorption emerged between the
two volume-expanded groups, though only with the "chloride"
term did substantial differences also emerge between the nonex-
panded group I dogs and both volume-expanded groups. In group
I, values for CH2O/GFR increased in close to a linear fashion up to
distal delivery values equal to 24% of the volume of glomerular
filtrate. However, at high rates of distal delivery the rate of rise of
C14,o/GFR was less in group 2 than in group I and the depression
of values was even greater in group 3. Within the limits of the
techniques used, the data suggest that volume expansion inhibits
fractional NaCI reabsorption in the diluting segment of the neph-
ron in a dose-related fashion. The "chloride" term was found to be
superior to the "volume" and "sodium" terms in revealing these
changes.
Influence de l'expansion extra-cellulaire sur Ia reabsorption de
NaCI par les segments de dilution du néphron: Etude par Ia méthode
des clearances. Le fait que l'expansion extra-cellulaire influence Ia
reabsorption de NaCI par Ic segment de dilution du néphron est
encore sujet a discussion. Dans ce travail Ic problème a été étudié
chez des chiens normaux, non anesthCsiés, soumis a une diurèse
aqueuse maximale. La clearance de l'eau libre (CH,O/GFR) a été
utilisée comme index de Ia reabsorption de NaCI dans Ic segment
de dilution. Trois expressions ont ete utilisées pour Ia "charge
distale" de NaCl: a) V/GFR, appelC "terme de volume"; b)
(CNa/GFR + CH2O/GFR). Ic "terme de sodium"; et c) (C1/GFR
+ CH,O/GFR), le "terme de chlore". La validité de ces termes est
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discutée. Trois techniques ont été utilisées pour augmenter Ia
charge distale: /) l'administration d'acétazolamide a des chiens
n'ayant pas subi d'expansion (groupe 1); 2) une expansion "mod-
érée" (groupe 2); et 3) une expansion "importante" (groupe 3).
CH,O/GFR augmente régulièrement au fur et a mesure del'aug-
mentation de Ia "charge distale" quel que soit Ic mode de calcul de
cette derniere. Avec chacun des trois termes distaux des differences
dans Ia reabsorption distale de NaCI apparaissent entre les deux
groupes qui ont subi une expansion. C'est seulement avec Ic "terme
de chiore" que des differences substantielles apparaissent aussi
entre Ic groupe I (sans expansion) et les deux groupes qui ont subi
une expansion. Dans Ic groupe I les valeurs de CH,O/GFR aug-
mentent d'une facon proche de Ia linéaritéjusque'ã des valeurs de
Ia charge distale égales a 24% du volume du filtrat glomérulaire.
Cependant, aux debits élevés de charge distale l'augmentation de
CH,O/GFR est moindre dans Ic groups 2 que dans le groupe I
et Ia diminution relative est même plus grande dans Ic groupe 3.
Dans les limites des techniques utilisées les résultats suggérent que
l'expansion inhibe Ia reabsorption fractionnelle de NaCI dans Ic
segment de dilution du néphron d'une facon proportionnelle a Ia
dose. Le terme de chlore est superieur aux termes de volume et
de sodium pour mettre en evidence ces modifications.
There is continuing controversy regarding the in-
fluence of extracellular fluid (ECF) volume expansion
on NaCI reabsorption in the distal segments of the
nephron. Various experimental maneuvers, which
share in common the depression of fractional sodium
reabsorption in the proximal tubule, have been found
to have different effects on sodium excretion rates [I].
For example, Morgan and Berliner [2], in a micro-
puncture study, were unable to demonstrate a reduc-
tion of distal sodium reabsorption by i.v. loading of
saline and Barton et al [3] also found no inhibitory
effect on sodium reabsorption in the diluting segment
following ECF volume expansion. In contrast, sev-
eral groups have presented evidence favoring inhi-
bition of distal sodium reabsorption by volume ex-
pansion [4—8].
The reasons for these discrepancies remain to be
explained; but presumably they reflect the limitations of
available experimental techniques. Studies of single
nephrons have limitations which relate in part to the
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existence of two different populations of nephrons in
the mammalian kidney, only one of which is readily
available for study. Clearance techniques, although
applicable to studies in both man and experimental
animals, are limited by the necessity for invoking a
variety of assumptions. Further ambiguity could re-
late to the existence of some form of "tubulo-tubular
balance," such that when the load of sodium-contain-
ing tubular fluid emanating from the proximal tubule
increases, net NaC1 reabsorption beyond the prox-
imal tubule increases. The critical question thus be-
comes: Does ECF volume expansion influence the
rate of increment in NaCI reabsorption for any given
rate of increment in distal NaCI delivery?
In the present experiments clearance methods have
been used to study the influence of ECF volume
expansion on the reabsorption of NaCI by the "dilut-
ing segment" (also to be referred to as the "distal
nephron"). The rate of generation of solute-free
water factored by the glomerular filtration rate
(CII2O/GFR) has been used, under circumstances of
maximal water diuresis, to provide a physiologic ap-
proximation of NaCI reabsorption from the isos-
motic tubular fluid emanating from the proximal tu-
bule. Three different terms have been used to express
the rate of delivery of tubular fluid to the distal
nephron. The first of these is the fraction of filtered
water excreted, which is equal to the urine volume
(V) factored by the GFR [4—8]. The validity of this
term, to be referred to as the "volume," term rests on
the thesis that in the absence of antidiuretic hormone
(ADH) no net water reabsorption occurs beyond the
proximal tubule. Further comments will be made
about this subsequently. The second term for distal
delivery is the sum of the fraction of filtered sodium
excreted (CNa/GFR) plus the fractional free water
clearance (CH2O/GFR) [3,9]. The validity of this
term, the "sodium" term, rests on the combined as-
sumptions that no water is reabsorbed beyond the
proximal tubule in the absence of ADH, and that all
of the solute reabsorbed in the generation of free
water is due to the net transport of NaCl out of the
distal nephron. Theoretically, the sum of the fraction
of filtered sodium reabsorbed by the distal nephron,
plus the fraction of filtered sodium excreted in the
urine, should account for all the sodium filtered with
the exception of that amount reabsorbed in the prox-
imal tubule and that reabsorbed in exchange for
potassium or hydrogen ions. Depending on the mag-
nitude of the latter, the "sodium" term should ap-
proximate the distal delivery of sodium (though not
necessarily of NaCI). The third expression for distal
delivery is the so-called "chloride" term. It represents
the sum of the fraction of filtered chloride excreted
(C1/GFR) plus C1120/GFR. The rationale under-
lying this derived expression is the same as that for
the "sodium" term except that free water generation
is assumed to be exclusively due to the postproximal
reabsorption of chloride plus sodium [10].
The relative merits and limitations of the ex-
pressions for distal delivery of NaCI and for NaCI
reabsorption will be discussed in the text together
with consideration of their role in the elucidation of
the effects of ECF volume expansion on NaC1 reab-
sorption in the distal tubule.
Methods
The studies were performed on five female mongrel
dogs (20 to 25 kg) which were fed a regular com-
mercial diet containing approximately 120 mEq of
sodium, 50 mEq of potassium and 1,200 calories per
day. The animals were trained and were studied in the
unanesthetized state, standing in supporting slings.
They received no food, but were allowed free access
to water for approximately 16 hr prior to study. After
injecting a priming dose of creatinine, a solution of
10% creatinine in 2.5% dextrose was administered i.v.
at a rate of 0.8 mI/rn in throughout the course of each
experiment. Water diuresis was initiated before the
commencement of the experiment by giving 40 mI/kg
of tap water containing 5 ml of 95% ethanol through
an orogastric tube and was maintained by infusing
1.5% dextrose in 0.5% ethanol at 10 mI/mm through-
out the experiment. Urine osmolality (Uosm) was
measured at frequent intervals after the administra-
tion of the original water load and only after values
for Uosrn had fallen to below 60 mOsm/kg were the
experiments begun. Two or three ten-minute control
clearance periods were obtained in all studies. One of
three different protocols was then employed.
Group 1—acetazolamide. Acetazolamide was em-
ployed in order to increase "distal delivery" of Na
without simultaneously expanding ECF volume. An
initial bolus (10 mg/kg) of the drug was injected iv.
and was followed by a continuous infusion at a rate
of 10 mg/kg/hr. An infusion of NaHCO3 (70
mEq/liter) was started simultaneously with the aceta-
zolamide at a rate equal to the contemporaneous rate
of urine flow measured at the end of each urine
collection period. Six to eight "experimental" clear-
ance periods were obtained.
Group 2—volume expansion I. "Moderate" ECF
expansion was induced by infusing 0.45% saline at a
rate equal to urine flow plus 10 mI/mm. Six to eight
ten-minute "experimental" clearance periods were
obtained after the initiation of the saline infusion.
Approximate adjustments in the infusion rate were
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made at the conclusion of each individual urine col-
lection.
Group 3—volume expansion II. "Marked" ECF
volume expansion was induced by infusing 0.45%
saline at a rate equal to urine flow plus 20 ml/min for
six to eight ten-minute "experimental" clearance
periods. Adjustments in the infusion rate of NaCI
were made in the same manner as in group II.
Urine was collected through an inlying bladder
catheter and blood was drawn at the midpoint of
each clearance period through a second i.v. catheter.
Urine was tested qualitatively for glucose at frequent
intervals during the course of each experiment.
The maximal duration of any experiment, starting
with the administration of the oral water load and
extending through the final clearance period was
three hours. Special attention was given to maintain-
ing quiet surroundings and to keeping the animals
calm and undisturbed. If a dog was restless or vom-
ited, the experiment was discontinued and resched-
uled for another day. Each of the five animals was
studied three times, once with each protocol.
Creatinine was analyzed by autoanalyzer using the
Jaffé reaction [121. Sodium and potassium were
measured on a flame photometer (Instrumentation
Laboratories), chloride on a chloridometer (Corning)
and osmolality on an osmometer (Fiske). Glucose
oxidase reagent strips (Ames) were used to check for
glycosuria,
Calculations of osmolal clearance (Cosm), free wa-
ter clearance (C1120), sodium clearance (CNa) and
chloride clearance (C1) were made using conven-
tional formulae. Both C1120, as the index of NaCI
reabsorption in the diluting segment, and the distal
delivery terms (V, CNa + CH2O, C1 + C1120) were
expressed per 100 ml of GFR to facilitate comparison
between animals. External sodium balance during the
course of each experiment was estimated by sub-
tracting the total amount of sodium excreted in the
urine and removed in blood sampling from the total
amount infused. Regression lines and correlation
coefficients were calculated by the method of least
squares.
Results
During the control clearance periods, there were
no significant differences among the three groups
with respect to GFR, uring and plasma osmolality or
plasma sodium, chloride and potassium concentra-
tions (Table 1). In group 1, GFR fell by a mean of
24% after administration of acetazolamide, a phe-
nomenon observed by others [7,131. The values for
GFR tended to return towards the control levels
during the course of the experiments. In groups 2 and
3, GFR rose steadily during volume expansion. The
mean values for plasma potassium fell to a com-
parable degree in all three groups. In none of the
experiments was glucose detected in the urine.
Table 2 and Fig. 1 show a representative study in
a dog that received acetazolamide (group I). For
each clearance period all three terms—V/GFR,
(CNa/GFR + CH2O/GFR) and (C1/GFR +
Table 1. Values (mean + s) from control clearance periods and under experimental conditions
Group 1 Group 2 Group 3
GFR, mi/mm
Control urine osmolality,
mOsm/kg
Control plasma osmolality,
mOsm/kg
End experimental plasma osmolality,5
mOsm/kg
Control plasma sodium,
mEq/liter
Endexperimental plasma sodium,
mEq/liter
Control plasma chloride,
mEq/liter
Endexperimental plasma chloride,
mEq/IiterControl plasma potassium,
mEq/liter
Endexperimental plasma potassium,
mEq/liter
Estimated total positive sodium balance,
mEq per study
76.8 + 9.5 80.1 8.0 73.2 8.2
38.9 5.7 36.3 12.9 43.6 10.3
280±4 277±6 279±9
286±8 286+7 274+6
134±5 135±3 130±5
137±7 136±6 131+4
97±3 99±3 94±4
95±4 104±5 97±5
4.3 + 0.4 4.1 0.3 4.5 0.4
3.4 + 0.4 3.5 0.4 3.4 + 0.3
17+9 134±11 175±14
Values represent the means of the two or three clearance periods before the commencement of the experimental protocol.
End experimental values are the means of the last clearance period for all experiments in each group.
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Table 2. Representative study in a dog receiving acetozolamide
Time
mm
V GFR Vosm Cosm CH2O/GFR CN,,/GFR C1/GFR V/GFR
mi/mm mi/mm mOsm/kg mi/mm % % %
CN, + CHO
GFR
%
Cç, + C2o
GFR
%
—90
—90 to —30
—30 to —20
—20 to —10
—lOto 0
600-mI oral water load + 5 ml of ethanol, creatinine prime and maintain
1.5% dextrose in 0.5% ethanol at 10 mg/mm
9.1 69.7 41 1.30 11.2 0.10 0.11 13.1
9.4 65.9 46 1.52 12.0 0.18 0.24 14.3
9.8 67.5 35 1.23 12.7 0.12 0.15 15.0
11.3
12.1
12.8
11.3
12.2
12.8
0
Oto 10 Acetozolamide, 10mg/kg iv.: 10 mg/kg/hr; NaHCO3, 70 meq/liter in 5% ethanol at 10 mI/mm13.2 52.8 78 3.65 18.1 3.89 0.45 25.0 22.0 18.5
lOto 20
NaHCO, at 13 mI/mm
14.5 47.8 82 4.16 21.7 5.66 0.44 30.4 27.3 22.1
2Oto 30
3Oto 40
NaHCOa at 15 mI/mm
15.0 47.1 83 4.38 22.6 7.01 0.44 31.9
16.2 49.6 87 4.96 22.7 6.99 0.60 32.3
29.6
29.7
23.0
23.3
4Oto 50
5Oto 60
6Oto 70
NaHCO3 at 16 mI/mm
15.3 50.4 88 4.66 21.1 6.62 0.55 30.4
15.8 47.0 91 4.98 23.0 7.59 0.63 33.6
15.5 49.2 94 5.03 21.3 7.28 0.55 31.6
27.7
30.6
28.6
21.7
23.6
21.9
used to estimate distal delivery, fractional NaCI reab-
sorption rose in direct proportion to delivery
throughout the course of the study. There was a
marked increase in sodium excretion in these experi-
ments with the maximal value for CNa/GFR reaching
7.6%. The urine remained virtually chloride-free (the
maximal value for C01/GFR was 0.6%).
Table 3 and Fig. 2 show a representative study in a
dog from group 2. Increased "distal delivery" of
tubular fluid again was accompanied by increasing
values for fractional free water clearance. In this ex-
periment the slope of the curve deviated from unity
when distal delivery rates exceeded 10% of the filtered
load. High rates of delivery were not achieved in this
experiment. There was a moderate increase from con-
trol levels in the maximal values for the fractional
excretion of sodium and chloride (CNa/GFR = 1.9%,C1/GFR = 3.0%.
Table 4 and Fig. 3 show a representative study in a
dog from group 3. In this group of experiments, there
was a more marked natriuresis (CNa/GFR = 3.8%)
and chloruresis (C1/GFR = 4.6%) than in group 2.
Increased distal delivery of tubular fluid was again
accompanied by an increase in fractional free water
clearance values. At rates of delivery greater than
approximately 10% of the filtered load, however,
there was an appreciable diminution in the rate of
fractional free water clearance formation regardless
of the delivery term.
24 28 32 Figure 4A depicts a mass plot of all experiments
with the "chloride" terms used to express distal deliv-
ery. Linear regression curves for these data are shown
in Fig. 4B. In group 1 fractional delivery rose to 24%
and fractional free water clearance rose to 23%. The
relationship between delivery and free water clear-
CH2O/GFR)— were used to express fractional filtrate
delivery from the proximal tubule. With each term
the estimated value for distal delivery increased
progressively reaching 23.6% with the "chloride"
term, 30.6% with the "sodium" term and 33.6%
with the "volume" term. The estimated values for
fractional NaCl reabsorption in the distal nephron
(C 20/G FR) also increased progressively; however,
the slope of the increment in reabsorption varied with
the term used to express delivery. When the "vol-
ume" and the "sodium" terms were employed, the
increment in fractional free water clearance was strik-
ing, but at delivery rates greater than approximately
15% of the filtered load, the slope of the curves de-
viated from unity. When the "chloride" term was// I00I LIOL 24201612840 4 8 12 16 20
"Distal'S delivery
Fig. I. Representative study in a dog receiving acetazolamide (group
1). CH20 is plotted as a function of "distal" delivery expressed as A
for the "chloride" term, 0 as the "sodium" term and • as the
"volume" terms (see text for explanation).
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Table 3. Representative study in a dog volume-expanded at 10 mI/mm greater than un ne flow
CNa + CHO Ci + CHO
Time
mm
V GFR Vosm Cosm CH2O/GFR CNa/GFR
mi/mm mi/mm mOsm/kg mi/mm %
C1/GFR
%
V/GFR
%
GFR
%
GFR
%
—80
—80 to —20
—2Oto—l0
—10 to —0
750-mI oral water load + 5 ml of ethanol, creatinine prime and maintain
1.5% dextrose in 0.5% ethanol at 10 mI/mm
7.8 89.9 39 1.10 7.45 0.03
8.1 89.5 36 1.07 7.85 0.16
—
—
8.68
9.05
7.48
8.01
7.45
7.85
0
Oto 10
lOto 20
0.45% NaCI at 19 mI/mm
9.6 87.6 42 1.46 9.29 0.19
11.0 101 40 1.57 9.32 0.30
0.78
0.79
11.0
10.9
9.48
9.62
10.1
10.1
2Oto 30
0.45% NaCI at mI/mm
12.6 112 40 1.80 10.8 0.38 0.89 11.2 10.4 10.9
30 to 40
4Oto 50
SOto 60
0.45% NaCI at 23 mI/mm
13.4 108 45 2.14 11.3 0.79
14.5 109 48 2.49 12.0 1.02
15.2 104 52 2.78 12.4 1.38
1.58
2.03
2.42
12.4
13.2
14.6
11.4
12.0
13.3
14.0
15.2
15.3
6Oto 70
0.45% NaCI at 26 mI/mm
16.0 104 58 3.28 12.2 1.87 3.03 15.3 14.0 15.2
ance is expressed by the formula y = 0.195 + 0.95 x,
(r = 0.99). In group 2, fractional delivery rose to 22%
and fractional free water clearance to 20%. This rela-
tionship is expressed by the formula y = 0.97 + 0.86
x (r = 0.97), which was significantly different (P <
0.001) from the relationship between delivery and
free water clearance in group 1. In group 3 fractional
delivery rose to 30% whereas fractional free water
clearance rose to only 18%. The relationship is ex-
pressed by the formula y = 5.05 + 0.40 x (r = 0.97),
which was significantly different (P < 0.001) from
that in groups I and 2.
Figure 5A depicts a mass plot of all the experi-
ments in which the "sodium" term was used to ex-
press delivery. Linear regression analysis of these
data is shown in Fig. SB. In group I fractional filtrate
delivery rose to 30% and fractional free water clear-
ance rose to 21% (y = 3.05 + 0.59 x, r = 0.94). In
group 2 fractional filtrate delivery rose to 21% and
fractional free water clearance rose to 19% (y = 0.78
+ 0.88 x, r = 0.98). The difference between these two
curves was significant (P < 0.001) with the slope of
the curve in group I being less than in group 2 (cf.
Fig. 4B). In group 3 fractional filtrate delivery rose to
27% whereas fractional free water clearance reached
only 17% (y 4.47 + 0.46 x, r = 0.90). The slope of
this curve was significantly different from both that of
group 1 (P < 0.02) and group 2 (P < 0.001).
Figure 6 depicts a mass plot of all the experiments
in which the "volume" term was used to express
delivery. Linear regression analysis of these data is
shown in Fig. 6B. In group 1 fractional filtrate deliv-
ery rose to 34% and fractional free water clearance
rose to 22% (y = 2.91 + 0.55 x, r = 0.94). In group 2
fractional filtrate delivery rose to 24% and fractional
free water clearance to 22% (y = 0.78 + 0.88 x, r =
0.96). The slopes of these curves were significantly
different (P < 0.001) with the slope of the curve in
group I being less than in group 2 (cf. Fig. 4B). In
Group 3 fractional filtrate delivery rose to 29%,
whereas fractional free water clearance reached less
than 17% (y = 3.78 + 0.46 x, r = 0.90). The slope of
this curve was significantly different from that in
group 2 (P < 0.001) but was not significantly differ-
ent from that in group 1 (P < 0.05).
Discussion
The validity of assessing distal tubular NaCI reab-
sorption by the indirect clearance techniques utilized
in the present experiments is dependent upon the
00
x
I LL0(9
20
tIII
4 8 12 16 20 24 28
"Distal" delivery
Fig. 2. Representative study in a dog volume-expanded at 10 mi/mm
greaser than urine flow (group 2). CHZO is plotted as a function of
"distal" delivery expressed as A for the "chloride" term, 0 as the
"sodium" term and • as the "volume" terms (see text for ex-
planation).
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Table 4. Representative study in a dog volume-expanded at 20 mI/mm greater than urine flow
Time
mm
V GFR Vosm Cosm C1420/GFR CN/GFR
mi/mm mi/mm mOsm/kg mi/mm % %
C1/GFR
%
V/GFR
%
CN + C140
GFR
%
C + C1420
GFR
%
—80 600-mI oral water load + 5 ml of ethanol, creatinine prime and maintain
—80 to —30
—30 to —20
—20 to —10
—10 to —0
1.5% dextrose in 0.5% ethanol at 10 mI/mm
6.0 71.8 52 1.16 6.75 0.04
6.5 74.1 58 1.38 6.91 0.04
7.5 75.6 63 1.74 7.59 0.04
—
—
—
8.36
8.78
9.88
6.76
6.95
7.60
6.75
6.91
7.59
Oto 10
10 to 20
0.45% saline at 28 mI/mm
9.0 77.1 59 1.98 11.7 0.06
12.8 81.5 50 2.34 15.7 1.27
—
1.50
11.7
15.7
9.16
14.1
9.10
14.3
2Oto 30
3Oto 40
0.45% saline at 33 mI/mm
14.2 83.0 59 3.07 13.4 2.07
15.4 82.1 57 3.23 14.8 2.35
2.30
2.91
17.1
18.8
15.5
17.2
15.7
17.7
4Oto 50
0.45% saline at 36 mI/mm
17.0 83.9 74 4.57 14.8 3.8l 4.36 20.3 18.6 19.2
5Oto 60
0.45% saline at 38 mI/mm
16.8 79.5 72 4.40 15.6 3.71
16.8 81.6 71 4.26 15.3 3.79
4.45
4.33
21.1
20.6
19.3
19.2
20.1
19.7
fulfillment of two critical requirements: 1) that the
value for CH2O/GFR accurately represents the reab-
sorption of NaC1 in the diluting segment of the distal
nephron; 2) that the term used to express distal deliv-
ery accurately represents the fraction of filtered NaCI
leaving the proximal tubule that is available for reab-
sorption distally and hence serves as substrate for free
water formation.
To adequately satisfy the first requirement, it is
essential that a) the formation of free water occur
only in consequence of distal NaC1 reabsorption; and
b) not only suppression of antidiuretic hormone
(ADH) release be complete, but no ADH-independ-
ent net water reabsorption occur beyond the prox-
4 8 12 16 20 24 28
"Distal" delivery
Fig. 3. Representative study in a dog volume-expanded at 20 mi/mm
greater than urine flow (group 3). CHZO is plotted as a function of
"distal" delivery expressed as A for the "chloride" term, 0 as the
"sodium" term and • as the "volume" terms (see text for ex-
planation).
imal tubule. In some of the reported studies in which
techniques similar to those used in the present experi-
ments were employed, the circumstances for suppres-
sion of ADH release were less than optimal, due to
prolonged periods of experimental observation, the
use of general anesthesia, or the failure to achieve
minimal urine osmolalities before the beginning of
the experiments. In the present studies efforts were
made to obviate these potential stimuli to endoge-
nous ADH release. In no instance did the total length
of a study exceed three hours; the animals were
trained to stand quietly in supporting slings and thus
did not require anesthesia and no experiment was
commenced until urine osmolality fell to levels of less
than 60 mOsm/kg. Nevertheless, it is highly unlikely
that reabsorption of free water was completely pre-
vented, for even in the total absence of ADH the
distal nephron is not completely watertight [14]. Fur-
thermore, such reabsorption might conceivably occur
to differing degrees in the three groups of animals if
medullary tonicity and, hence, the osmotic gradient
between the papilla and collecting duct were differ-
ent. The findings of Eknoyan et al [4] of relatively
constant levels of papillary osmolality in volume-
expanded and nonexpanded dogs at urine flows of
greater than 10 mI/mm make such an explanation
unlikely to account for the present results. Differ-
ences of papillary osmolality, however, remain a vari-
able unmeasured in most clearance studies of this
nature [3,5—7,11,13]. The term CH2O/GFR thus can
only be considered to be an approximation of the true
value for distal NaCl reabsorption.
The assessment of distal NaCI delivery from clear-
ance data also poses difficulties. For the reasons enu-
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B
Fig. 4. A, Mass plot of all experiments with CR2O/GFR plotted as a
function of distal delivery as expressed by the 'chloride" term. Each
point represents an individual clearance period. A for group 1; 0
for group 2; • for group 3. B. Linear regression analysis of data
from Fig. 4A. for group I;... . . . . for group 2;
for group 3.
merated above, the term V/GFR can only provide an
estimate of distal NaC1 delivery. The expression be-
comes less reliable in the presence of glycosuria or
when osmotic diuretics such as mannitol are used
since whatever quantity of these solutes emanate
from the proximal tubule, there will be an isosmOtic
equivalent of NaCI-free water entering the diluting
segment. The term (CNa/GFR + CH2O/GFR) is theo-
retically more specific, but it assumes that all the
sodium reaching the diluting segment is available for
reabsorption (as NaCI) and that none of the sodium
is reabsorbed by exchange with potassium. The latter
assumption is, of course, invalid, The exchange of
sodium for potassium will decrease CNa (and, thus,
the estimate of distal delivery) but will not affect CH2O
directly. Any exchange of sodium for hydrogen, lead-
ing to bicarbonate reabsorption, will also result in a
decrease in CNa but will simultaneously increase val-
ues for CH2O. Thus, values for distal delivery of so-
dium will not be affected, but the estimate of NaCI
reabsorption will be increased spuriously.
Rosin et al [11] have shown convincingly that when
acetazolamide is used to increase distal delivery the
bicarbonate leaving the proximal tubule behaves as a
poorly reabsorbable anion in the diluting segment
CH2O + CN.
B GFR
Fig. 5. A, Mass plot of all experiments with CH2O/GFR plotted as a
function of distal delivery as expressed by the "sodium" term. Each
point represents an individual clearance period. A for group 1; 0
for group 2; S for group 3. B, Linear regression analysis for data
from Fig. 5A. — for group 1;. .... .. for group 2;
for group 3.
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and obligates the excretion of increased quantities of
sodium. Studies using acetazolamide with the "so-
dium" or "volume" terms to express delivery thus
must be reconsidered. Studies on the diluting segment
in uremia using clearance methods should also take
into account the increased excretion of unreabsor-
bable solutes in chronic renal failure [9].
Acetazolamide, howeyer, increases delivery of
chloride, as well as of sodium and bicarbonate, out of
the proximal tubule [10,15,161. In contrast to sodium
reabsorption chloride reabsorption in the ascend-
ing limb appears to be unaltered by the presence of
unreasonable anion [16]. Furthermore, it is the chlo-
ride ion that is actively reabsorbed in the ascending
limb, accompanied primarily by sodium [17]. Thus,
in the presence of a bicarbonate diuresis, the formula-
tion (C1/GFR + C1120/GFR) would appear to rep-
resent a more accurate expression of the delivery of
reabsorbable NaCI to the distal tubule than the other
two terms, In Fig. 1, which illustrates an experiment
in which acetazolamide was administered, the esti-
mate of distal delivery at any given value for free
water formation is considerably less with the "chlo-
ride" term than with either the "sodium" or the
"volume" terms, In the volume expansion experi-
ments (Figs. 2 and 3), in which no bicarbonate diure-
sis was induced, there was no major difference in the
three estimates of distal delivery at any given rate of
free water formation. During acetazolamide adminis-
tration the "chloride" term, therefore, appears to
provide the most valid means of assessing the re-
sponse of the distal nephron to high levels of frac-
tional NaCI delivery in the absence of concomitant
volume expansion.
In Figs. 4A and B, reabsorption of NaCI in the face
of increasing distal delivery has been compared under
the circumstances of the three protocols using the
"chloride" term to express delivery. In group I,
where acetazolamide was administered in the absence
of volume expansion, the capacity for NaCI reab-
sorption and free water generation appeared to be
unlimited over the entire range of distal delivery
achieved (i.e., to values in excess of 22% of the filtered
load to sodium). In group 2 (volume expansion at 10
mI/mm greater than urine flow), there was a small
but significant reduction in NaCI reabsorption at
comparable delivery rates. In group 3 (volume expan-
sion at 20 mI/mm greater than urine flow), there was
a distinct reduction in fractional NaCI reabsorption
as delivery was progressively increased. For example,
at a fractional NaCI delivery of 20%, fractional free
water formation equalled 19% in group 1, 18% in
group 2 and only 13% in group 3.
Figures 5 and 6 serve to illustrate some of the
points raised in the discussion on the use of the
"volume" term and the "sodium" term. With both
these terms, when acetazolamide was used (group I)
the capacity to generate free water did not appear to
rise in direct relationship to increased delivery, as has
been previously reported [5,10]. Indeed, free water
generation was greater in group 2 than in group I at
equal values of distal delivery. Comparison with Fig.
4, A and B, however, suggests that the values for
distal delivery in group I may be spuriously high
owing to the large quantities of sodium bicarbonate
being delivered distally when acetazolam ide was used
[11]. On the other hand, with marked ECF volume
expansion (group 3), a decrease in the capacity to
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generate free water emerges even with the "sodium"
(Fig. 5) and "volume" terms (Fig. 6) for distal de-
livery. Thus, the inhibition of distal NaC1 reab-
sorption in group 3 is sufficiently great as to not be
obscured by the presumed overestimate of distal de-
livery in group 1. Figure 6, A and B, confirms the
recently reported work of Bennett, who using the
"volume" term demonstrated an apparent diminution
in free water formation during volume expansion [6].
The reason for the apparent absence of an effect of
volume expansion on free water generation recently
reported by Barton et al [3] (who used the "sodium"
term) becomes evident from Fig. 5, A and B. Taking
great care to avoid release of ADH, they were unable
to show a distinct depression of free water generation
at increasing delivery rates when volume was ex-
panded at 10 mI/mm greater than urine flow. Inspec-
tion of their results shows a close similarity to those
obtained in group 2 of the present studies. They did
not, however, attempt to expand ECF volume by
greater than 10 mI/miri and it would appear that their
failure to demonstrate marked diminution of free
water formation may have been due to the relatively
mild degree of volume expansion employed.
In view of the inaccuracies inherent in the tech-
niques employed in this study, the absolute values for
both NaCI delivery and reabsorption must be ac-
cepted with reserve. It is interesting, however, that
despite the relationship between the magnitude of
volume expansion and the limitation of fractional
distal NaCl reabsorption that can be illustrated using
the "chloride" delivery term, at no time did the esti-
mated values for fractional NaCI reabsorption fall as
delivery rose. This is in keeping with the data of Mor-
gan and Berliner [2] quoted earlier. Our conclusions
are in concert with the recent work of Stein et al [18],
who not only illustrated a distal capacity to regulate
sodium reabsorption but showed that this is a property
both of the ascending limb of Henle's loop and also
of the collecting duct. It should be noted, however,
that although there are compelling reasons to believe
that the distal nephron plays a decisive role in regu-
lating sodium excretion under physiologic condi-
tions, it is yet to be established that the present obser-
vations are relevant to the operation of a sodium
control system under normal conditions of life in
which daily variations in salt intake and excretion are
generally modest.
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